demonstrates that when activated in the cytosol, the MAP kinase module in mammalian cells activated in mutant Raf proteins behave in vivo precisely as predifferent cellular contexts. We show that the MAP kidicted by their in vitro catalytic activity. In striking connase module operates as a molecular switch in vivo trast, when activated at the plasma membrane, the but that the input sensitivity of the module is deter-MAP kinase module generated a maximal output remined by subcellular location. Signal output from the sponse, despite the nearly 2-log variation of Raf PM kimodule is sensitive to low-level input only when it is nase input (1 to 0.03). Identical results were obtained activated at the plasma membrane. This is because with non-GFP-tagged constructs (data not shown). Sigthe threshold for activation is low at the plasma memnal amplification is not the result of some kinase-indebrane, whereas the threshold for activation is high in pendent function of Raf PM because catalytically inthe cytosol. Thus, the circuit configuration of the active Raf PM (0.0) did not activate ERK at all. Instead, module at the plasma membrane generates maximal these results clearly show that the MAP kinase module outputs from low-level analog inputs, allowing cells processes and amplifies low and intermediate inputs to to process and respond appropriately to physiologigenerate a maximal response. Interestingly, this amplifical stimuli. These results reveal the engineering logic cation function is only expressed when the pathway is behind the recruitment of elements of the module activated from the plasma membrane because the from the cytosol to the membrane for activation.
or Raf Cyt can be resolved into two discrete populations activity of Raf PM . We conclude the essential difference between activating the MAPK module in these two subcorresponding to an on or off state with respect to ERK activation ( Figure 2A) . Strikingly, the fraction of cells cellular locations is that the MAP kinase module is a switch that is sensitive to low input when activated on that are activated scales with the catalytic activity of Raf Cyt but remains maximal for all for levels of catalytic the plasma membrane, whereas the module is a switch Figure 3A ). Figure  3A shows that ERK activation in the cytosol is highly cytosol (for further discussion of this point, see the Supplemental Data available with this article online).
input control). (C) BHK cells expressing combinations of HA-KSR, GFP-MEK-DD, and GFP-MEK-KD were immunostained for HA (left) and visualized for GFP (right). ERK activation by GFP-MEK-DD drives HA-KSR to the plasma membrane (arrows). HA-KSR membrane recruitment was quantified (bottom) by immunoblotting membrane and cytosolic fractions of the same cells for MEK1 (GFP blot), ppERK, KSR (HA blot), and ERK2 (input control). that is insensitive to low input when activated in the in vivo inhibits MEK activation [17] (
sensitive to MEK inhibition, whereas ERK activation at the plasma membrane is indeed resistant to MEK inhiTo confirm these conclusions, we used PC12 differentiation as a biological readout that is absolutely debition. Next, we investigated how the MAP kinase pathway pendent on ERK activation [15] . Figure 2B shows [19, 20] ). Second, scaffold proteins facilitate signal transmission through the If the MAP kinase module is maximally responsive to low-input levels at the plasma membrane but not in the enforced proximity of individual kinases [21] . In this context, Figure 3C shows that ERK activation drives recytosol, this should be reflected in differential sensitivity of the module to chemical inhibition when activated cruitment of KSR, a MEK/ERK scaffold [22] , to the plasma membrane. Third, the balance of phosphorylain the two locations. To test this prediction, we treated cells expressing Raf PM (1.0) and Raf Cyt (1.0) with tion and dephosphorylation establishes the threshold of activation in MAPK circuits [23, 24] . To assess whether increasing amounts of the MEK inhibitor UO126, which signal; however, this can occur at the cost of sensitivity because switches naturally filter out low-level inputs [25] . An important finding from our study is that spatial localization determines sensitivity of the MAPK module. The MAPK module functions as a switch both in the cytoplasm and at the membrane, but only when activated at the plasma membrane is the module sensitive to low input signals. Thus, sensitivity is not an intrinsic property of the MAP kinase module but is imposed upon the module by cellular localization. In part, this is because the threshold for MAPK activation is significantly lower at the plasma membrane than in the cytosol. Recruitment and activation of the MAP kinase module to the plasma membrane provides the cell with a circuit configuration that is both switch like and sensitive, which allows cells to generate a digital output from low-level analog inputs. These two properties may be crucial for cells to reliably fire in response to stimulation with physiological levels of growth factors in vivo. Together, these results reveal the engineering logic underlying membrane recruitment and activation of the MAP kinase module in vivo. allow a digital biological response from a variable input
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